This study is to investigate the effect of metabotropic glutamate receptor 7 (mGluR7) on the proliferation of human embryonic neural stem cells (NSCs) and its molecular mechanism.
Introduction
Neural stem cells (NSCs) are pluripotent and self-renewing cells that reside in the central nervous system (CNS) of mammals. [1] [2] [3] NSCs can be isolated from embryos and adult brains and develop into neurospheres in vitro in the presence of mitogens such as epidermal growth factor (EGF) [4] and basic fibroblast growth factor (bFGF). [5] They have the potential to differentiate into neurons, astrocytes, and oligodendrocytes. [6] Treatment with NSCs can improve neurological function of cerebral ischemia, nerve damage, and neurodegenerative disorders. [7] However, the molecular mechanism regulating the proliferation of NSCs remains unclear.
Glutamate, a major excitatory neurotransmitter in the CNS, may be associated with neurogenesis. [8] Brain damages such as cerebral ischemia and epilepsy, involve glutamate excitotoxicity but glutamate can also stimulate neurogenesis. [9] Glutamate receptor signaling may regulate neurogenesis after brain injury. [10] Metabotropic glutamate receptors (mGluRs), including mGluR1-8, belong to the family of G protein-coupled receptors and may regulate the proliferation of NSCs in the human brain. [11] The metabotropic glutamate receptor 7 (mGluR7) is the most conserved subtype of the mGluR family. It is expressed in different regions of brain, especially in the cerebral cortex, hippocampus, and cerebellum. It plays a role in the regulating the proliferation of NSCs during development or after nerve injury. For example, our team previously reported [12] that activation of mGluR7 with agonists can promote the survival, proliferation, and differentiation of rat NSCs in vitro by activating the mitogen-activated protein kinase (MAPK) signal transduction pathway. Extracellular signal-regulated protein kinase 1/2 (ERK1/2), c-Jun N-terminal kinase (JNK) and p38 MAPKs are major members of the MAPKs family. The ERK1/2 cascade can transduce both intracellular and extracellular signaling and regulate the cellular activity and gene transcription, thus regulating the structure and function of CNS. [13] However, there may be other mechanisms underlying the regulatory effect of mGluR7 on the proliferation of NSCs, which still need further investigation.
In this study, we aimed to investigate the effects of mGluR7 on the proliferation of human embryonic NSCs in vitro and its molecular mechanisms.
Materials and methods

Isolation and culture of human embryonic brain cortex NSCs
Human embryos (n = 6) were provided by the Department of Obstetrics and Gynecology of the Affiliated Hospital of Yan'an University. Informed consent was signed by patients and their families. The study was approved by the ethics review board of Yan'an University.
The 12∼16w aborted embryos were taken and immediately placed in saline at 4°C. Under sterile conditions, cerebral cortex was isolated on ice and washed with DMEM/F12 basic medium twice and PBS once. The isolated brain cortex was made into single cell suspension by pipette and then filtered with a 400-mesh screen (pore-size 38 mm; Shanghai solarbio Bioscience & Technology Co., LTD, Shanghai, China). The harvested cell suspension was centrifuged at 800 rpm for 8 min. After discard of the supernatant, the cells were washed twice with basal medium and resuspended in 3 ml of complete medium, which was DMEM/F12 basal medium (Gibco, Grand Land, NY) supplemented with 10 ng/mL bFGF (Gibco), 20 ng/mL human EGF (Sigma Chemical Co., St. Louis, MO), 1 Â N2 supplement (Gibco), 1 Â B27 supplement (Gibco), 100 U/mL penicillin, 100 U/mL streptomycin, and, 0.4 U/mL heparin. The isolated NSCs were identified by Nestin expression.
Approximately 8 Â 10 5 NSCs were seeded into a T50 flask (Labserv) and cultured in at incubator at 37°C with 5% CO 2 . Complete medium (1 mL) was added to each bottle the next day followed by medium change every other day. After 5 to 7 days of culture, they were sub-cultured.
The transfection of mGluR7 siRNA and mGluR7 expression plasmid
The 1 passage NSCs were used for transfection. For siRNA transfection, the siRNA was synthesized by Shanghai GenePharma Co., Ltd. The sequences were as follows: human mGluR7 siRNA (sense 5 0 -GAAGACACAGAAAGGAACUTT-3 0 , antisense 5 0 -AGUUCCUUUCUGUGUCUUCTT-3 0 ) and negative siRNA (NC-siRNA, sense 5 0 -UUCUCCGAACGUGUCAC-GUTT-3 0 , antisense 5 0 -CGUGACACGUUCGGAGAATT-3 0 ). The siRNA transfection was performed with Lipofectamine 2000 (Invitrogen). Briefly, Lipofectamine 2000 and siRNA (60 nM) was mixed with DMEM/F12 basal medium, respectively, and incubated for 5 min at room temperature. Then, the 2 solutions were mixed and incubated for 15 minutes at room temperature. The siRNA-Lipofectamine 2000 mixture was added to the culture plate. For plasmid transfection, the pCMV2-GV146-GFP-mGluR7 expression plasmid or pCMV2-GV146-GFP empty vector (constructed by Sangon Biotech, Shanghai, China) was transfected into NSCs with TurboFect TM (Thermo Scientific, Basingstoke, UK), according to the manufacturer's instructions.
Cells transfected with NC-siRNA or pCMV2-GV146-GFP empty vector were used as control groups. Cells were cultured for 24 hours, 48 hours, and 72 hours, respectively, after siRNA or plasmid transfection.
Real-time fluorescence quantitative PCR
Total RNA was extracted from cells with Trizol and reverse transcribed into cDNA. The mRNA level of mGluR7 and b-actin was detected with real-time fluorescence quantitative PCR. The primer sequences were: mGluR1-F 5'-CCTCTGTATCGCCCA TTCTGA-3' and mGluR1-R 3'-GGAAGCCTCTCTCGGAGTTT-5'; mGluR2-F 5'-CACGGCAGTGTGTACCTTACG-3' and mGluR2-R 3'-GATGCGTGCAATGCGGTTG-5'; mGluR3-F 5'-GGGGCCTGTTTCCTATTAACG-3' and mGluR3-R 3'-TCACT CCTGGTAGCAAGTAATCA-5'; mGluR4-F 5'-CACCTTAGAA-TAGAGCGGATGC-3' and mGluR4-R 3'-TGTCATAGGGA-CACGTCTTACA-5'; mGluR5-F 5'-AACTGGACCTATGTATC AGCCG-3' and mGluR5-R 3'-GGCGATGCAAATCCCTTCC-5'; mGluR6-F 5'-GCCTCCGAGGGCAACTATG-3' and mGluR6-R 3'-GGGAATCTTGATAGACTGGGCAA-5';mGluR7-F 5'-CTG TTGGAGAGAGCGAGCAG-3' and mGluR7-R 5'-AGAGAGGG TGAGGGGTCC-3'; mGluR8-F 5'-CCTATGCTTTGGAGCAGT CTC-3' and mGluR8-R 3'-CATTAGCACACTTCACATCCGAA-5'; and b-Actin-F 5'-TGGCACCCAGCACAATGAA-3' and b-Actin-R 5'-CTAAGTCATAGTCCGCCTAGAAGCA-3'. The PCR system included 12.5 mL of SYBR Green PCR Master Mix, 1mL of upstream primer (10 mM), 1 mL of downstream primer (10 mM), 2 m l of cDNA (100 ng) and 8.5 mL of ddH 2 O. The reaction was carried using SYBR Premix Ex Taq TM II (TaKaRa) with 1-minute predenaturation at 95°C and 40 cycles of 10 seconds denaturation at 95°C, annealing at 60°C, and 40 seconds extension. b-actin was selected as internal reference. The mGluR7 mRNA expression was calculated with 2 -DDCt method.
MTT assay and neurosphere diameter measurement
The 1 passage NSCs were seeded into 96-well plates with 20,000 cells per well. The cells were grouped and transfected with mGluR7 siRNA and mGluR7 expression plasmid as above described. For MTT assay, after culturing for 24 hours, 48 hours, and 72 hours, respectively, MTT was added and incubated at 37°C for 4 hours until purple precipitate was visible. Then DMSO was added after removing the culture supernatant. The plate oscillated for 10 minutes until purple precipitate was dissolved. The absorbance was measured at 492 nm with a microplate reader.
For neurosphere diameter measurement, after culturing for 24 hours, 48 hours, and 72 hours, respectively, cells were photographed with Image-Pro Express software 7.0 (ImageNet Express Pro) and the diameters of neurospheres were measured.
Flow cytometry analysis
The 1 passage NSCs were seeded into 6-well plates with 20,000 cells per well. The cells were grouped and transfected with mGluR7 siRNA and mGluR7 expression plasmid as above described. For cell cycle analysis, after 24 hours of transfection, cells were collected, washed with PBS and fixed in 70% ethanol. Then, cells were stained with 0.5 mL of PI (100 mg/mL) at room temperature for 20 minutes in the dark and analyzed with flow cytometry (FACSCalibur, BD Biosciences, San Jose, CA). For Medicine apoptosis analysis, cells were collected at 48 hours after transfection. Then, 5 mL of Annexin V-FITC was added and incubated at 4°C for 15 minutes. Finally, 10 mL of PI was added and incubated at 4°C for 5 minutes before apoptosis analysis.
Western blot
Cells were collected at 48 hours after transfection. The total protein was extracted from cells with RIPA lysis buffer. Proteins were separated by electrophoresis and transferred to PVDF membrane. After blocking with 5% skimmed milk, the membrane was incubated with primary antibodies of rabbit anti-mGluR7, rabbit polyclonal anti-Nestin, rabbit polyclonal anti-Ki67, mouse anti-cyclin D1, rabbit monoclonal anti-cyclin dependent kinase 2 (CDK2), rabbit polyclonal anti-serine/ threonine kinase (AKT), mouse monoclonal anti-p-AKT, rabbit polyclonal anti-Caspase-3, rabbit polyclonal anti-Caspase-9, and anti-b-actin at 4°C overnight. b-actin was used as internal reference. All primary antibodies were purchased from Santa Cruz Biotechnology, USA. After that, the secondary antibody (goat anti-rabbit or goat anti-mouse IgG, Santa Cruz Biotechnology) was added and incubated at room temperature for 1.5 hours. After washing, the membrane was developed.
Statistical methods
SPSS 18.0 was used for data analysis. All data were expressed as mean ± standard error of mean (SEM). Each experiment was repeated 3 times. The t test was performed to analyze the differences. P <.05 was considered statistically significant.
Results
The expression changes of mGluR7 after overexpression or silencing
To detect the expression of Nestin (a cell-specific marker of NSC) Western blot was performed. As shown in Figure 1A , Nestin was expressed in all the isolated cells from 6 human embryos, indicating that the isolated cells were identified as NSCs. Western blot was also used to analyze the mRNA levels of other mGluR subtype (mGluR1-6 and mGluR8) after the mGluR7 plasmid transfection. The results showed that there were no significant differences in the mRNA expression levels of other mGluR subtypes after the plasmid transfection (Fig. 1 B) . To detect the level of mGluR7 after mGluR7 siRNA and mGluR7 expression plasmid transfection, qRT-PCR and Western Blot methods were performed. The results showed that the expression of mGluR7 mRNA in the cells transfected with the mGluR7 expression plasmid was significantly upregulated compared to the control ( Fig. 1 C, P <.01). And the mGluR7 mRNA levels in the cells transfected with mGluR7 siRNA were significantly downregulated than NC-siRNA control. Similarly, mGluR7 protein level was increased after mGluR7 expression plasmid transfection whereas decreased after mGluR7 siRNA transfection. Furthermore, there was still Nestin expression in NSCs after www.md-journal.com the plasmid transfection, demonstrating that the stem cell type is not affected by plasmid transfection (Fig. 1 D) 
Effect of mGluR7 on proliferation of human NSCs and neurospheres
With MTT analysis, we preliminary analyzed the effect of mGluR7 on the proliferation of human NSCs. Compared with the control group, mGluR7 overexpression promoted the proliferation of NSCs while mGluR7 suppression by siRNA inhibited the proliferation of NSCs, at 24 hours, 48 hours, and 72 hours respectively (P <.01) ( Fig. 2A and Fig. 2B) . Then, the diameters of neurospheres were measured. Similarly, the diameters of neurospheres after mGluR7 overexpression were significantly larger, while those after mGluR7 knockdown (P <.01) (Fig. 2C and Fig. 2D ). The Ki-67 expression was detected with Western blot. The data showed that GluR7 overexpression increased the expression of Ki-67, whereas mGluR7 siRNA decreased the expression of Ki-67 (Fig. 2 E) .
This data suggests that mGluR7 can promote the proliferation of NSCs.
Effect of mGluR7 on cell cycle of human NSCs
To determine the effect of mGluR7 on cell cycle, flow cytometry was conducted. As shown in Figure 3A , after overexpression of mGluR7, the ratio of cells in G1/G0 phase decreased and the ratio of cells in S phase increased compared with the control group, suggesting that mGluR7 overexpression promotes the transition of G1 phase to S phase. The difference was statistically significant (Fig. 3B , P <.01). Furthermore, compared with the NC-siRNA group, the mGluR7 siRNA group had a significantly higher ratio of G1/G0 phase cells and a significantly decreased S phase cell ratio, indicating that mGluR7 knockdown arrests the cell cycle at G1/G0 phase ( Fig. 3C and D, P <.01). This indicates that mGluR7 may induce more cells to enter S phase, therefore promoting DNA replication, mitosis of NSCs and the proliferation of NSCs. 
Effect of mGluR7 on apoptosis of human NSCs
The apoptosis of human NSCs was detected by flow cytometry after 48 hours of transfection. It has been found that compared with control group, the percentages of early apoptosis (the lower right quadrant of Fig. 4A ) and late apoptosis cells (the upper right quadrant of Fig. 4A ) in mGluR7 overexpression group were significantly decreased ( Fig. 4B , P <.01). On the other hand, transfection of mGluR7 siRNA significantly increased the percentages of the early and late apoptosis of human NSCs ( Fig. 4C and Fig. 4D , P <.01). These results show that mGluR7 can inhibit the apoptosis of human NSCs.
Effect of mGluR7 on expression of proliferation-rated and apoptosis-related proteins
To investigate the mechanism of mGluR7 in promoting proliferation and inhibiting apoptosis, we utilized western blots to analyze the expression of key molecules in the human AKT signaling pathway and Caspase-3/9 signaling pathway. After overexpression of mGluR7 in human NSCs, p-AKT was up-regulated, and cyclin D1 was also up-regulated (Fig. 5) . These indicate that mGluR7 may up-regulate phosphorylation of the AKT signaling pathway, activate AKT in human embryonic cortical NSCs and further promote the proliferation of NSCs by activating proliferation-associated transcription factors. And mGluR7 promoted the up-regulation of cyclindependent kinase CDK2, which may induce more cells to cross G1/S phase nodes, therefore promoting DNA replication, mitosis of NSCs and the proliferation of NSCs. Also, apoptosisrelated protein Caspase-3/9 expression was down-regulated, indicating that mGluR7 can inhibit the apoptosis of NSCs. On the contrary, after transfection of mGluR7 siRNA in NSCs, p-AKT, Cyclin D1, and CDK2 were all down-regulated, and caspase-3/9 was up-regulated, suggesting that after mGluR7 knockdown, the proliferation of NSCs is inhibited and cellular apoptosis is induced. Together, these results revel that mGluR7 may promote proliferation of NSCs by up-regulating AKT phosphorylation, cyclin D1, and CDK2, and inhibit apoptosis of NSCs via down-regulating Caspase-3/9.
Discussion and conclusion
NSCs exist in the subventricular zone of the lateral ventricle and the subgranular zone of the hippocampus dentate gyrus and are normally in a resting, non-activated state. [14] Nerve injury is one of the common severe clinical diseases that endanger human health and cause severe neurological dysfunctions. There is still no effective treatment method. In recent years, the study of NSCs has shed light on the treatment of CNS diseases. [15] It has been reported that neurotransmitter receptors may regulate neurogenesis in adult CNS. [16] Inhibition of metabotropic glutamate type 1 alpha receptor reduced cell proliferation following status epilepticus. [17] Zhang et al found that activation of mGluR5 promoted the proliferation of rat retinal progenitor cell. [18] However, the role and mechanism of mGluR7 in NSC proliferation is not fully understood. It is reported that mGluRs (such as mGluR3 [19] and mGluR4 [20] ) play a role in the proliferation of NSCs. Our results found that mGluR7 overexpression enhanced the cell viability and the size of neurospheres of human NSCs cultured in vitro. On the contrary, mGluR7 knockdown by siRNA reduced the cell viability and the size of neurospheres of NSCs. These findings suggest that mGluR7 promotes the proliferation of human embryonic cortical NSCs cultured in vitro.
The G1 phase of the mammalian cell cycle is the only period in which cells respond to environmental signals and thus determine the direction of proliferation, differentiation, or senescence. [21] Important cell cycle regulators, including the Cyclins-CDK4 and CDK6 protein kinase complexes, mediate cell progression through the G1 phase. [22, 23] Cyclin D1 and D2 are involved in the development of the nervous system. Cyclin D1 deficiency in rats causes abnormal neurodevelopment and retinal hypoplasia, while Cyclin D2 deficient animals have cerebellar defects. [24, 25] Recent studies have shown that Cyclin D1 is important for regulating the proliferation of NSCs during embryonic development, and Cyclin D2 is more important for the adult brain. [26, 27] Cyclin D1 is a key regulator of cell proliferation and cell cycle progression. Several studies [19, 20, 28] have shown that mGluR1, mGluR3, mGluR4, and mGluR5 can induce cell proliferation by regulating cyclin D1. In this study, the results showed that mGluR7 overexpression promoted cell cycle transition from G1 to S phase whereas mGluR7 knockdown arrested the cell cycle at G1/G0 phase. Also, western blot analysis revealed that the expressions of both cyclin D1 and CDK2 were up-regulated after Figure 4 . Effects of mGluR7 on apoptosis in human NSCs cells. NSCs were transfected with pCMV2-GV146-GFP-mGluR7 plasmid and pCMV2-GV146-GFP empty vector (control) or mGluR7 siRNA and NC-siRNA (control). At 48 hours after transfection, cell apoptosis was detected with flow cytometry. Representative (A) and quantitative flow cytometry results (B) after transfection with mGluR7 overexpression plasmid were shown. Representative (C) and quantitative flow cytometry results (D) after transfection with mGluR7 siRNA were shown. * , compared with the corresponding NC-siRNA (negative control) group or control (empty vector) group, n = 3, P <.01. mGluR7 = metabotropic glutamate receptor 7, NSCs = neural stem cells. Figure 5 . Effects of mGluR7 on key proteins of AKT and Caspase-3/9 signaling pathways in human NSCs. NSCs were transfected with pCMV2-GV146-GFP-mGluR7 plasmid and pCMV2-GV146-GFP empty vector (control) or mGluR7 siRNA and NC-siRNA (control). At 48 hours after transfection, protein level was detected with Western blot. Representative Western blot results (A) and quantitative Western blot results (B) were shown. * , compared with the corresponding NC-siRNA (negative control) group or control (empty vector) group, n = 3, P <.01. AKT = serine/threonine kinase, mGluR7 = metabotropic glutamate receptor 7, NSCs = neural stem cells.
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Medicine overexpression of mGluR7, while they were decreased after mGluR7 knockdown. This suggests that mGluR7 may promote cell cycle progression by up-regulating cyclin D1 and CDK2. The AKT signal transduction pathway is involved in the regulation of multiple cell functions such as proliferation, differentiation, apoptosis and glucose transport. [29, 30] And caspase-3/9 signaling pathway is one of the most classical signal pathways of apoptosis. [31] Both signaling pathways play an important role in the development of the CNS. [32] Tian et al [12] reported that activation of mGluR7 may promote the proliferation and differentiation of neural progenitor cells by influencing phosphorylation of the RAS MAPK signal transduction pathway. AKT is a potential downstream regulator of mGluR7 activation. [33] In recent years, many scholars have been working on the role of phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit alpha (PI3K)/AKT signaling pathway in the proliferation and differentiation of NSCs. For example, it has been reported that the PI3K/AKT1/mechanistic target of rapamycin kinase (PI3K/AKT1/mTOR) and Ras-ERK signaling pathways are the chief mechanisms regulating the survival, proliferation, and differentiation of NSCs. [34] Omentin can promote the growth and survival of NSCs in vitro through activation of the AKT signaling pathway. [35] Gly-Pro-Glu treatment can promote the proliferation and the migration of NSCs in vitro through a mechanism that involves the activation of ERK and PI3K-AKT pathways. [36] Insulin can stimulate adult NSCs proliferation, but not survival or self-renewal. This effect is mediated by insulin receptor substrate 2 and subsequent activation of the AKT, leading to increased activity of the G1-phase cyclin-dependent kinase 4 and cell cycle progression. [37] Therefore, PI3K/AKT pathways are critical for the proliferation of NSCs. In this study, we found that mGluR7 overexpression promoted the expression of p-AKT levels in human NSCs in vitro, while mGluR7 knockdown reduced it. Therefore, we hypothesize that mGluR7 upregulates AKT phosphorylation in human embryonic cortical NSCs, activates the AKT signaling pathway, and further promotes the proliferation of NSCs by activating proliferation-associated transcription factors. The expression level of apoptosis-related protein Caspase-3/9 can reflect the effect in apoptosis by mGluR7. In this study, after mGluR7 overexpression in human NSCs, the expression of apoptosis-related protein Caspase-3/9 was down-regulated. On the contrary, after the down-regulated expression of mGluR7, the expression of caspase-3/9 increased. This result indicates that mGluR7 can inhibit the apoptosis of NSCs. However, the signaling cascades underlying the effects of mGluR7 seem to be far more complex. Thus, more work is needed to uncover the mechanisms of mGluR7.
Our study demonstrates that mGluR7 promotes the proliferation of human embryonic cortical NSCs in vitro, increases the expression of Cyclin D1 and promotes the expression of cyclindependent kinase CDK2 as well as the activation of AKT. In the meantime, the expression of apoptosis-related protein Caspase-3/ 9 is down-regulated, indicating reduced apoptosis. Our findings may provide experimental evidence that mGluR7 may be used as a potential target for the treatment of focal cerebral ischemic injury and neurodegenerative diseases.
